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(54) TiUe: METHOD AND APPARATUS FOR COHERENT IMAGE FORMATION 




(57) Abstract 

This invention is an apparatus for imaging an object using a transducer array (1) for transmitting one or more beams (2a. 2b) that are 
steered and/or translated to transmit scan lines for multiple excitation events, so as to scan a field of view of the object for sensing received 
signals reflected from the object after each excitation event on one or more receive beams on receive scan lines, and for transducing those 
sensed received signals into corresponding electrical signals. The method and apparatus is additionally for acquiring and storing coherent 
samples retaining both phase and amplitude information of those electrical signals obtained on the receive scan lines throughout at least a 
portion of the field of view, and for combining stored coherent samples associated with distinct receive beams to synthesize new coherent 
image samples aligned on synthetic scan lines, which are distinct from any one of (a) receive scan lines, on which a signal was sensed, (b) 
transmit scan lines on which a signal was directed, or (c) transmit scan lines and receive scan lines. The method and apparatus is further 
for detecting the synthesized coherent image samples, and displaying or recording the resulting image field. 




t 

FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the from pages of pamphlets publishing international 
applications under the PCT. 



AT 


Austria 


GB 


United Kingdom 


MR 


Mauritania 


AU 


Australia 


GC 


Georgia 


MW 


Malawi 


BB 


Barbate 


GN 


Guinea 


NE 


Niger 


BE 


Belgium 


GR 


Greece 


NL 


Netherlands 


BF 


Burkina Faso 


HU 


Hungary 


NO 


Norway 


BC 


Bulgaria 


IE 


Ireland 


NZ 


New Zealand 


BJ 


Beam 


FT 


haly 


PL 


Poland 


BR 


Brazil 


JP 


Japan 


PT 


Ponugal 


BY 


Be lams 


KE 


Kenya 


RO 


Romania 


CA 


Canada 


KG 


Kyrgystan 


RU 


Russian Federal ion 


CF 


Central African Republic 


KP 


Democratic People'* Republic 


SD 


Sudan 


CC 


Coogo 




of Korea 


SE 




CH 


Sw titer land 


KR 


Republic of Korea 


"SI 


Sloveaii 


CI 


Coie d'l voire 


KZ 


Kazakhstan 


SK 


Slovakii 


CM 


Cameroon 


U 


Liechtenstein 


SN 


Senegal 


CN 


China 


LK 


Sri Lanka 


TD 


Chad 


cs 


Caechoslovakia 


LU 


Lux cm bong 


TG 


Togo 


cz 


Caech Republic 


LV 


Lama 


TJ 


Tajikistan 


DC 


Germany 


MC 


Monaco 


TT 


Trinidad and Tobago 


DK 


Denmark 


MD 


Republic of Moldova 


UA 


Ukraine 


ES 


Spain 


MG 


Madagascar 


US 


United States of Americi 


Fl 


Finland 


ML 


Mali 


UZ 


Uzbekistan 


FR 


France 


MN 


Mongolia 


VN 


Viet Nam 


CA 


Gabon 











WO 96/03921 




PCT/US9S/09930 



- 1 - 

METHOD AND APPARATUS FOR 
COHERENT IMAGE FORMATION 



5 

FIEfrP QF TEE jfflVgKTTQH 
This invention relates to coherent imaging systems 
including, for example, radar, sonar, seismic and 
ultrasound systems, using vibratory energy, and in 

10 particular, but not limited to, phased array ultrasound 
imaging systems for linear, steered linear, sector, 
circular, Vector®, steered Vector® and other types of 
scan formats in, for example, B-mode (gray- scale 
imaging mode) . Although the invention will be 

15 discussed with respect to an ultrasound system, the 
invention can be implemented with other types of 
coherent imaging systems. 

BACKGROUND OF THE IN VENTION 

20 There are a number of coherent imaging 

modalities utilizing electronic beamf onnation to effect 
pulse-echo or energy- reflection imaging, in particular 
radar imaging, ultrasonic imaging and sonar imaging. 
In many applications, especially real-time medical 

25 ultrasonic imaging, it is important to minimize the 
time necessary to acquire each image (i.e. the time 
necessary to scan a given field of view) in order to 
attain a high frame rate. 

The requirement to scan a field of view rapidly is 

30 always moderated, however, by the need to maintain 
adequately fine spacing of the beams used to illuminate 
the field of view and to acquire the image. The 
spacing of these beams defines an azintuthal sampling 
grid, referred to as scan lines, and it is well known 

35 that the information in the image can be accurately 
preserved only if this grid is finer than a specific 
sampling limit in accordance with sampling theorems for 
one or more dimensions. Prior art systems have often 
compromised image quality in favor of frame rate by 
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undersampling the field of view. The visible artifact 
associated with undersampling is shift variance, 
characterized by sensitivity of the image field to 
small shifts of the sampling grid with respect to the 
5 underlying object field; in an ideal imaging system, 
the image field has no sensitivity to the positioning 
of the sampling grid on the object field. 

Adequate sampling is made more difficult to 
LO achieve by the requirement that the displayed image 
field consist of detected samples, typically log- 
magnitude detected samples, although phase detection 
has also been used in the prior art. Hayes has shown 
in "The Reconstruction of a Multidimensional Sequence 
15 from the Phase or Magnitude of Its Fourier Transform, " 

TEEE Tra .n par;t:iong on Aco ustics. Speech and — Signal 

Processing . Vol. ASSP-30, No. 2, April 1982, pgs. 140- 
154, that, for cases of interest, an image must be 
oversampled by a factor of two in each of range and 
20 azimuth for all information to be preserved through a 
process of magnitude detection or phase detection. 

The need to scan a field of view rapidly while 
maintaining adequate line density has been addressed in 

25 the prior art with multiple beam techniques, where two 
or more independent receive beams are simultaneously 
formed to detect the echoes from one or more 
simultaneously excited independent transmit beams. An 
example is O'Donnell U.S. Patent 4,886,069, entitled 

30 Method Of And Apparatus For Obtaining A Plurality Of 
Different Return Energy Imaging Beams Responsive to A 
Single Excitation Event, issued December 12, 1989, in 
which multiple receive beams are used in conjunction 
with one transmit beam. Another multiple beam 

35 technique is disclosed in Drukarev. et al.. U.S. Patent 
5,105,814, entitled Method Of Transforming A Multi-Beam 
Ultrasonic Image, issued April 21, 1992, in which 
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multiple non-colinear receive beams are formed to align 
one- for- one with the same multiplicity of transmit 
beams. 



5 A similar scheme for acquiring three-dimensional 

images using two-dimensional arrays is disclosed in 
S. Smith, H. Pavy and 0. von Ramm, "High-Speed 
Ultrasound Volumetric Imaging System- Part I: Transducer 
Design and Beam Steering" IEEE Transaction* ^ 

0 Ultrasonics, Ferro- Electrics, and Frequency Contrgj 
Vol, 38, No. 2, March 1991, pages 100-108 and in 0. von 
Ramm, S. Smith, and H. Pavy, "High-Speed Ultrasound 
Volumetric Imaging System- Part II: Parallel Processing 
and Image Display", IEEE Transactions on Ultrasonics. 

5 Ferro-Electrics, and Frequenc y Control . Vol 38, No, 2, 
March 1991 , pages 109-115. For each transmit beam, 
which illuminates many points, eight simultaneous 
receive beams are formed. 



20 All of these prior art techniques may reduce the 

time necessary to scan a field of view, but they can 
result in a degradation of image quality due to the 
deliberate misalignment of transmit and receive beams 
and/or due to interbeam interference when multiple 

25 transmit beams are used. The degradation is 
systematically manifested as shift variance. In the 
first case, that is because the resulting two-way beams 
do not generally traverse a straight path (resulting in 
a position- dependent geometric distortion). In the 

30 second case, that is because the resulting two-way 
beams are not uniform from beam to beam. These 
artifacts are apparent in systems that utilize focusing 
for near- field imaging, and they are generally 
unacceptable in high resolution medical ultrasonic 

35 imaging in particular. 
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SUMMARY OF THE INVENTION 
Accordingly the present invention improves upon 
the prior art. 

5 An object of the present invention is to enable 

rapid scanning throughout a field of view, and to 
eliminate or substantially reduce the foregoing 
artifacts inherent in prior art techniques. Novel 
aspects of the present invention include (l) use of one 

10 or more simultaneously formed receive beams in 
combination with one or more simultaneously excited 
transmit beams, (2) storage of coherent samples (i.e., 
samples that preserve relative amplitude and phase 
relationships among signals, as defined below) of 

15 signals associated with each receive beam, and (3) 
before detection, synthesis of one or more new coherent 
samples. The one or more new coherent samples are 
calculated using stored coherent samples associated 
with a plurality of distinct receive beams (i.e., two 

20 or more receive beams that are associated with 
spatially different receive scan lines and/or with 
temporally different transmit excitations, as defined 
below) through the operations of (a) interpolation 
(including linear interpolation or weighted sums) or 

25 (b) extrapolation or (c) other methods. The one or 
more new coherent samples are synthesized on synthetic 
scan lines (i.e., scan lines which are spatially 
distinct from any receive scan lines and/or any 
transmit scan lines, as defined below) . 

30 

A further object of the invention is to increase 
the sample density after beamf ormation and prior to 
detection. Sample density can be increased based on, 
for example, a two-dimensional data set of acquired 
35 samples, and/or a three-dimensional data set of 
acquired samples. 
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A further object is the elimination of geometric 
distortions due to the misalignment of acquired samples 
with receive scan lines in the prior art. 

5 This invention comprises a method and apparatus 

capable of the simultaneous transmission of one or more 
beams of energy on transmit scan lines and of the 
simultaneous reception of reflected energy with one or 
more beams on receive scan lines using an electronic 
10 beamfonner that steers and/or translates both receive 
and transmit beams independently to effect scanning 
throughout a given field of view. The system acquires 
and stores coherent samples of received signals 
associated with each receive beam and performs 
15 interpolations (weighted summations, or otherwise) , 
and/or extrapolations and/or other computations with 
respect to stored coherent samples associated with 
distinct receive beams to synthesize new coherent 
samples on synthetic scan lines that are spatially 
distinct from the receive scan lines and/or spatially 
distinct from the transmit scan lines and/ or both. The 
system then in one embodiment detects both acquired and 
synthetic coherent samples, performs a scan conversion, 
and displays or records the resulting image field. 

25 

Another embodiment of the present invention 
includes performing scan conversion on acquired and/or 
synthetic samples prior to detection. Further the act 
of coherent scan conversion, in and of itself, 
30 generates synthetic samples. 

In still another embodiment of the present 
invention, scan conversion of acquired coherent samples 
is performed prior to the generation of synthetic 
35 samples by other techniques of the invention. 



20 



PCT/US95/09930 

WO 96/03921 — 



10 



20 



25 



30 



- 6 - 

In a further embodiment of the invention, scan 
conversion and the generation of synthetic samples by 
other techniques of the invention is performed in a 
merged operation. 

An additional feature of the invention is a range- 
dependent and scan-line-dependent phase shifter or 
phase aligner. For some scan formats, a phase aligner 
allows coherent adjustments to be made across the data 
field of acquired samples to assure proper coherent 
sample synthesis. 

Still another feature of the invention is 
processing to support synthetic aperture imaging. This 
15 processing superposes coherent samples of the received 
signal associated with temporally distinct transmit 
excitation events, thus synthesizing larger transmit 
and/or receive apertures from constituent smaller 
apertures associated with each event. 

A further additional feature of the invention is 
line- to- line filtering of coherent samples on synthetic 
scan lines. Such filtering may be used to compensate 
for periodic gain variations. 

Another feature of the invention is azimuthal 
interpolation and/or extrapolation of coherent samples 
on distinct receive scan lines and/or on synthetic scan 
lines. 



Still a further feature of the invention is 
interpolation and/or extrapolation of coherent samples 
in range along receive scan lines and/or synthetic scan 
lines. The phase aligning, the synthetic aperture 
35 superposition, the filtering, and the interpolation 
and/or extrapolation in range and azimuth can be 
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incorporated in processing operations separately or in 
combination. 



In both two-dimensional and three-dimensional 
imaging systems, a feature of the invention is to add 
synthetic samples at any desired spatial locations and 
thereby increase the density of the samples in the 
field. 



10 One embodiment of this invention uses one transmit 

beam in conjunction with two spatially distinct, non- 
colinear receive beams, aligned to each side of the 
transmit beam. This embodiment permits a factor of two 
decrease in the number of transmit excitation events 

15 necessary to adequately scan a given field of view, 
thus halving the time it takes to scan the field of 
view. The samples, properly synthesized through 
combinations of the acquired signals, correspond in 
quality to receive signals in prior art methods 

20 acquired by scanning one line at a time using a single 
transmit beam aligned with a single receive beam. One 
principal advantage of this new technique over prior 
art methods is an increase in frame rate due to the 
reduction of time necessary to adequately scan the 

25 field of view. 



Another embodiment of this invention uses one 
transmit beam in conjunction with one colinear receive 
beam. Through interpolation and/or extrapolation, this 
embodiment permits a factor of two or more increase in 
the density of scan lines without increasing the time 
needed to adequately scan a given field of view. This 
is generally useful for spatial oversampling to improve 
image quality in many applications, because 
oversampling is generally necessary to preserve image 
information through a process of detection. 
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A preferred embodiment achieves the results of 
both of the above embodiments, using one transmit beam 
and two spatially distinct, non-colinear receive beams 
to effect a factor of two reduction in image 
5 acquisition time and a factor of two or more increase 
in the density of scan lines. This preferred 
embodiment thus reduces by a factor of four or more the 
time necessary to acquire image samples on all scan 
lines, compared to prior art methods in which each scan 
10 line is formed with a single transmit beam and a single 
colinear receive beam. Put another way, the preferred 
embodiment can acquire and synthesize an oversampled 
image in half the time that prior art methods can 
acquire a minimally sampled image in accordance with 
15 sampling theorems for two- or three- dimensional 
systems . 

With a spatially stationary target, the technique 
of this invention is applicable to ultrasound imaging, 

20 radar imaging, seismic imaging and sonar imaging. With 
proper accounting for how a scan is accomplished, the 
technique of this invention applies to arbitrary sensor 
array geometry and element spacing. It is extensible 
to two-dimensional sensor arrays for three-dimensional 

25 imaging. It is particularly useful for high resolution 
systems with relatively large apertures in which prior 
art multiple beam techniques introduce greater amounts 
of geometric distortion. 

30 The invention is principally useful for near 

field, ultrasound medical imaging. It is applicable to 
all known ultrasound scan formats. It can be 
advantageously incorporated with dynamic focusing, 
dynamic apodization, compound transmit focusing tech- 

35 niques. and sequential transmit focusing techniques. 
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The technique of this invention generates coherent 
synthetic samples which are compatible with all known 
types of detection, including magnitude detection, 
squared magnitude detection, log magnitude detection, 
5 phase detection, frequency detection, and arbitrary 
functions of these detection products. It is 
compatible with standard techniques for displaying and 
recording images, including post -detection filtering 
and persistence, scan conversion, and gray-scale 
10 mapping . 



BRIEF DESCRIPTION OF THE DSAWraQfi 
Fig. ia schematically illustrates a preferred 
embodiment of this invention for generating synthetic 
15 samples on synthetic scan lines. 

Figs. 1B-1 and 1B-2 illustrate a preferred 
embodiment of this invention for generating synthetic 
samples on synthetic scan lines when synthetic aperture 
20 scanning is used. 



Fig. 2 schematically illustrates another 
embodiment of this invention for generating synthetic 
samples . 

25 

Fig. 3 schematically illustrates still another 
embodiment of this invention for generating synthetic 
samples. 

30 Fi 9- 4A is a schematic block diagram of a digital 

beamf ormer that can be used to acquire coherent samples 
as inputs to embodiments of this invention. 

Figs. 4B-1 and 4B-2 are schematic block diagrams 
35 of an embodiment of an apparatus for this invention to 
effect synthetic samples on synthetic scan lines, with 
the capability of using synthetic aperture scans. 
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Fig. 4C is a schematic block diagram of an 
embodiment of an apparatus of the invention to effect 
synthetic samples on synthetic scan lines, using 
neighborhood interpolation and/or extrapolation 
5 techniques . 

Fig. 5 is a schematic block diagram of a dual-line 
synthesizer apparatus which can effect the calculation 
of synthetic samples of both the first type and the 
10 second type of this invention. 

Figs. 6A, 6B and 6C are representative of sector, 
Vector* and linear scan formats which can be used with 
embodiments of the present invention. 

15 

Fig. 7 depicts the preferred embodiment of Fig. 1A 
with respect to the correction of geometric distortion 
by generating synthetic samples on synthetic scan 
lines. 

Figs. 8A, 8B and 8C schematically represent three 
embodiments of the present invention, with Fig. 8A 
illustrating the embodiment depicted in Figs. 4B-1 and 
4B-2. 

Fig. 9A depicts a linear scan line format where 
synthetic samples are generated. 

Fig. 9B depicts a linear scan line format where 
30 hexagonal sampling is employed and where synthetic 
samples are generated. 



20 



25 



Fig. 10 depicts a block diagram schematic of a 
phase aligner. 

35 
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transmit scan line is such a line on which an 
associated transmit beam is presumed to lie. A receive 
scan line is such a line on which an associated receive 
beam is presumed to lie. In most prior art, transmit 
10 scan lines are identical to (i.e., colinear with) 
receive scan lines. 

B. Synthetic Scan Lines: 

Synthetic scan lines are scan lines that are 
15 distinct from any receive scan lines and/or any 
transmit scan lines. 

c. Distinct Receive Beams: 

Distinct receive beams are receive beams 
20 associated with at least one (1) spatially different 
receive scan lines and (2) temporally different 
transmit excitations. 

D- Synthetic Aperture gran* 

25 A synthetic aperture scan is a method of 

acquiring coherent samples on scan lines, effected by 
partitioning the array of transducer elements into a 
plurality of independent or substantially independent 
subarrays for transmission and/or reception, each 

BO subarray consisting of multiple transducer elements and 
executing a plurality of transmit/ receive sequences, 
each sequence involving one transmit excitation and a 
transmit /receive subarray combination. The transmit 
and receive beams associated with each sequence in the 

35 plurality of sequences are designed to align with the 
same transmit and receive scan lines, respectively. 
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E. ggjigssnfc Sionals and Samples; 

The samples of two signals are coherent when 
sufficient information is stored, preserved, or 
maintained to enable accurate characterization of the 
5 relative amplitude and phase of the complex envelopes 
of the two signals. 

F. phfflF* Aligned; 

Two echo or receive signals are referred to 
10 herein as phase aligned if the only difference between 
their temporal phase variations is due entirely to the 
interaction of the signals with a target or targets. 
The process of phase aligning two signals is the 
process of adjusting the temporal phase variations of 
15 one signal or the other, or both, for all systematic 
distorting influences. 

II. Mprhnrt of S yn<->™»»izina Coherent Samples: 

A. Samples Sv p i-hesized P" Synthetic Scan Lines : 

20 

This invention comprises a new method for 
generating coherent samples on synthetic scan lines 
preferably for medical ultrasonic imaging which enables 
increased frame rates without the compromises in image 
25 quality and resolution inherent in the prior art. The 
present invention accomplishes this method through 
increased image sample density with correction for 
geometric distortion. 

30 The present invention can be used with all known 

scan formats. Such formats can include by way of 
example only, sector, Vector® and linear scan formats 
as depicted in Figs. 6A, 6B and 6C. Each of these 
figures depicts an ultrasound transducer, in the form 

35 of a phased array, and also indicates transmit scan 
lines, receive scan lines, and synthetic scan lines in 
the orientation produced by the method of the preferred 
embodiment. Further to this point, Figs. 1A, 1B-1, IB- 
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2, 2 and 3, described below, show generically the 
sequencing and relative location of scan lines in the 
method without reference to any particular scan 
geometry. 

In a preferred embodiment, the method requires 
sampling, digitization, and storage of signals from 
multiple receive beams, acquired simultaneously 
pairwise, each pair associated with a single transmit 
beam. Such signals must be digitized and stored in 
coherent form prior to any irreversible processing 
(such as magnitude detection) which destroys or 
substantially corrupts signal information. The signals 
are generally characterized as bandpass processes, and 
there are a number of well known sampling techniques 
that will preserve information in such signals. The 
resulting samples are referred to here as coherent 
samples, regardless of the details of the sampling 
technique, because substantially all information about 
the signal is preserved. 



The preferred technique for obtaining coherent 
samples is through quadrature or complex demodulation 
of the bandpass signal to baseband, which generates in- 
phase and quadrature (I and Q) components of the 
signal. The I and Q components may be regarded as the 
real and imaginary parts, respectively, of the complex 
envelope of the bandpass signal. Sampling and 
digitization may precede or follow the step of 
demodulation. Means for obtaining the baseband I and 
Q signals through quadrature demodulation of either 
analog or digital bandpass signals are well known and 
common in the signal processing and Doppler processing 
literature. In particular, the technique is commonly 
used in medical ultrasound Doppler processing. As 
discussed below, the invention architecture depicted in 
Fig. 4A, which is the subject of the above concurrently 
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filed patent applications of the present assignee, can 
provide the desired coherent samples. 

A second and alternative technique for obtaining 
coherent samples is through direct sampling and 
digitization of the bandpass signal at a rate that is 
sufficiently high to preserve information in the 
signal . 

A third and alternative technique is through 
sampling of an intermediate frequency signal obtained 
through heterodyning and filtering the original 
bandpass signal. 

15 The preferred method further requires linearly 

combining the corresponding coherent samples from 
distinct receive beams. Non- linear combining 

techniques are also within the scope of this invention. 
As indicated previously, receive beams are distinct 
20 receive beams if they are temporally different (i.e., 
associated with different transmit events and thus 
generated non- contemporaneously, even if they align 
with the same receive scan line) and/or if they are 
spatially distinct (i.e., aligned with different 
25 receive scan lines, even if they are associated with 
the same transmit event) . Such linear combinations 
may, in the preferred embodiment, be simple averages or 
other weighted summations of coherent samples 
associated with two distinct receive beams to form new 
30 coherent samples. These new coherent samples lie on 
synthetic scan lines. Synthetic scan lines are 
(l) spatially distinct from any receive scan lines 
(first type, Fig. 1A) or (2) spatially distinct from 
any transmit scan lines (second type, Fig. 1A) or 
35 (3) spatially distinct from both any receive scan lines 
and any transmit scan lines (third type, Fig. 3 and 
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third type in Pigs. 1A and IB- 2) . Other synthetic 
sample types are discussed below. 



10 



The method of this invention further requires 
beam-to-beam coherent for predictable results from the 
step of combining coherent samples from distinct 
receive beams. Beam-to-beam coherency is not required 
in most prior art ultrasonic imaging systems, although 
the need for channel -to- channel coherency in phased 
array imaging systems is well understood. In prior art 
systems, a requirement for image uniformity is that the 
amplitude response of the system to a point target at 
any range on any scan line be substantially identical 
to the amplitude response to the same target at the 
15 same range on an adjacent scan line. The requirement 
for beam-to-beam coherency in this invention further 
implies the phase response (jointly represented with 
the amplitude response by, for example, an in-phase and 
quadrature response) of the system to a point target at 
20 any range on any scan line also to be substantially 
identical to the phase response to the same target at 
the same range on an adjacent scan line. Systematic 
phase variations can arise in some scan formats. For 
example, if the apertures associated with successive 
25 transmit and receive beams change relative to each 
other, systematic line -to- line phase variations can be 
introduced. Likewise, systematic line-to-line phase 
variations can be introduced if the center frequencies 
of successive transmit and receive beams change 
30 relative to each other. This method requires range - 
dependent and line -dependent phase correction or 
adjustments of such systematic variations. Such phase 
corrections or adjustments may be predetermined and 
stored in memory to be applied by the phase aligner to 
35 the acquired coherent samples prior to synthesizing new 
coherent samples. 
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It is desirable to adjust for systematic phase 
variations to establish coherent phase alignment among 
pre-detected beams in a scan. Specifically, it is 
desirable that the baseband I/Q signal of a first 
receive beam be phase-aligned at comparable ranges with 
the baseband I/Q signal of a second receive beam. As 
previously mentioned, range-dependent phase variations 
are introduced by certain scan formats which can be 
systematically corrected by phase rotation prior to 
detection. Other range -dependent phase variations 
caused by differences in beam-to-beam transmit /receive 
frequencies can be systematically corrected by 
remodulating prior to detection. This is most 
efficiently performed on the beamformed baseband I/Q 
15 signals. 

Consider an idealized representation of a signal 
at the output of a beamformer which has been coherently 
summed across multiple elements, and has undergone 
20 modulation on transmit, demodulation on receive, and 
coherent summation: 

x(t-2r/c) = e(t-2r/c) • e J « 
where , 

e(t) = a baseband I/Q signal envelope, 
25 Um = 2Trf m * a modulation frequency [Mhz] , 

">d ■ 2irf d = a demodulation frequency [Mhz] , 
r = some imaging depth (range) tern] . 
Note that the actual center frequency of the imaging 
pulse, x(t-2r/c) , depends additionally on other things, 
3 0 such as tissue attenuation, filtering in the transmit 
and receive processing chains, and other effects not 
explicitly considered in the above equation (1) . Also 
not explicitly included in above equation (1) are the 
detailed representations of delay and phase adjustments 
3 5 necessary for coherent summation, though these could be 
surmised by those skilled in the art. This detail is 
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not required to motivate the particular results 
presented here. 



The transmit modulation frequency, the receive 
5 demodulation frequency, or both, may in general be 
range dependent. In particular, 
<*> m - w m (R,), and u d - « d (R,) f 

where 

Rt » the distance from the active array center to 
10 the transmit focus, 

R, - the distance from the active array center to 
the receive focus. 



For a system with dynamic focus, this means that 
15 « d is continuously updated. 

We now consider a scan line 1 corresponding to a 
modulation frequency w a l , a demodulation frequency w d ', 
and a post-beamf ormer remodulation frequency «,'; and an 

20 adjacent scan line 2, with respective modulation, 
demodulation, and remodulation frequencies w n 2 , w d 2 , 
It can be shown that the post-beamf ornted phase 
difference between these two scan lines as a result of 
the different modulation, demodulation, and 

25 remodulation frequencies can be bounded by an amount 
Ap , where 

Ap < (w^-wJl'VItu^JMwAw/Jl^Vc (2) 
where, 

T p - the imaging pulse duration at any depth of 
the receive beamf ormer signal output. 



30 



This expression is valid at the receive focal 
depth, R r , at the point of post-beamf ormer remodulation. 
It is again noted that there may be other terms apart 
35 from Ap which are needed to ensure phase coherence at 
the beamformer output apart from the above equation 
(2) . Examples of such other terms include, but are not 
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limited to, terms which account for the offset in the 
beam origin, such as naturally arise in Vector* . 
linear, and curved linear formats, particularly with 
end alignment. As expected, Av - 0 when « ffl J = «„', W = 
5 osj, and w, 1 - w, 1. 

We now make the observation, from the above 
equation (2), that providing for remodulation at the 
post-beamformer, pre-detected output with a frequency 
10 o>, permits scan- line- to- scan- line phase coherence by its 
proper selection. In particular, by selecting «/ and 

w f J such that 

u * + - W + W < 3) 
then the second term of equation (2) may be 
15 substantially ignored. Note that if « d is range 
dependent, such as would be the case for a range 
tracking system, then » r must also be range dependent. 

The first term of equation (2), given by (uj- 
20 0 # T P may be readily managed by keeping (« m 2 -0 
sufficiently small. As an example, consider the 
requirement that Av<ir/4, and suppose that, as might be 
typical, the imaging pulse measured at the point of 
remodulation for a tracking focused system has a 
25 duration that is four cycles of the nominal modulation 
frequency. Then the required limit on scan -line-to- 
scan-line frequency variation becomes approximately, 
from equations (2) and (3), tj - f. 1 < fJ/32. If the 
nominal modulation frequency is 5 Mhz, then the scan- 
30 line-to-scan- line modulation frequency difference is 
constrained to be less than 0.156 MHz, in this example. 

Thus, if post-beamformation, pre-detection receive 
processing requires beam-to-beam phase coherence for 
35 all beams in a scan, then the maximum transmit carrier 
frequency differential between any two beams in the 
scan should be chosen to meet the above criteria. 
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The above relationship (3) defining the 
remodulation frequencies is independent of the 
modulation frequencies on transmit. Such independence 
assumes that both the modulation signal and the 
demodulation signal for all transmit and receive 
channels are phase- locked to a common timing clock 
reference. That is, the phases of all such modulation 
and demodulation signals are defined relative to a 
common time reference. 



The above relationship (3) also assumes that the 
modulation frequencies on successive transmit scan 
lines and the demodulation frequencies on successive 
receive scan lines are each slowly varying to avoid 2tt 
15 phase ambiguities. That is, t t l - f„ J and fj - tj. This 
constraint is consistent with the problem being solved. 

The above relationship (3) also assumes a "well- 
focused" system, wherein any observation made 
concerning a point in the field of view occurs at a 
time when the receive focus is at that point (i.e. 
tracking, or dynamic focus), regardless of whether a 
target is also at that point. 

25 Note tha t while the above remodulation preferably 

takes place after receive beamformation and prior to 
detection, it can instead be performed on a per- channel 
basis prior to coherent channel summation. Also, note 
that there may be other systematic phase variations 

30 which may need to be corrected in addition to the 
correction for the varying modulation and demodulation 
frequencies, such as phase variations introduced by 
analog filters, transducer elements, and the like. If 
so, then these corrections should be made as well. 

35 Typically, they will merely be added to the phase 
corrections described above to produce an overall phase 
correction. 
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The preferred embodiment of this method is shown 
schematically in Fig. 1A. For purposes of defining an 
indexing scheme for scan line intervals, Fig. 1A 
includes index reference lines I 0 , I,, Ij, I 3 » I 4 and I s . 

5 Prior art devices could, for example, have transmit 
beams sequentially fired on index lines I e to I 5 which 
would result in transmit scan lines T Q , T,, T„ T 3 , T 4 and 
T 5 . As can be seen in the embodiment of Fig. 1A, odd 
transmit scan lines, T„ T„ T, are missing in accordance 

10 with the advantages of the present invention. 

The first transmit excitation of Fig. 1A results 
in a transmit beam aligned with transmit scan line T 0 . 
Two receive beams are formed to align with two receive 
15 scan lines R*, and Ro„ positioned preferably 
symmetrically about T 0 . It is to be understood that the 
use of non- symmetrical receive beams is within the 
spirit and scope of this invention. Similarly, the 
second temporally distinct transmit excitation results 
20 in a transmit beam aligned with transmit scan line T,. 
Two receive beams are formed to align with two receive 
scan lines R„ and R„, positioned preferably 
symmetrically about T,. In the preferred embodiment, 
receive scan line R 2I is colinear with receive scan line 
25 Ro,. In other embodiments of this invention, as for 
example in Fig. 3, such receive scan lines are 
spatially distinct. This sequence continues until the 
field of view is sequentially scanned and then the 
sequence repeats as required. Sequential scanning is 
30 preferred rather than random scanning in this 
embodiment as such scanning more efficiently utilizes 
the below described apparatus of this invention as 
sample values are advantageously generated as needed. 



35 



Coherent samples of the signals associated with 
each receive beam are acquired and stored for the 
subsequent step of synthesizing new coherent samples. 
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The coherent samples on the first synthetic scan line 
(first type) Lo (which is colinear with transmit scan 
line T 0 ) are generated by averaging in this embodiment 
the data associated with receive scan lines R^, and R^. 
The coherent samples for the second synthetic scan line 
(second type) L, (which is colinear with receive scan 
lines Ro, and R^,) are generated by averaging the data 
associated with receive scan lines Ro, and Rj,. This 
sequence continues throughout the field of view. The 
density of synthetic scan lines at this stage of 
processing is twice the density of the transmit scan 
lines. 



In practice, for efficiency the first and second 
types of synthetic samples would be generated in the 
same embodiment. However, it is to be understood that 
if desired, only one or the other type of synthetic 
sample need be generated. 

It is to be understood that similar additional 
synthetic samples, like for example the first type of 
synthetic samples, can be calculated for multiple other 
azimuthal positions between R*, and Ro, using various 
types of interpolation techniques as identified herein. 
Further using extrapolation techniques, synthetic 
samples can be generated outside of the intervals 
between Ro., and Ro,. 



The method for generating the first and second 
types of synthetic samples has a principal benefit of 
correcting for geometric distortion due to the 
misalignment of acquired samples with receive scan 
lines. Fig. 7 has many of the same representations as 
Fig. ia with the addition of dashed lines to represent 
the spatial loci of acquired samples and solid lines to 
represent the previously discussed synthetic scan 
lines. The geometric distortion would be manifested if 
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acquired samples were presumed to lie on receive scan 
lines. This presumption and the resulting distortion 
are inherent in much of the prior art of multiple beam 
imaging. The averaging step employed by the preferred 
5 embodiment of this invention cancels the curvature 
associated with the acquired samples, and places 
synthesized samples on synthetic scan lines. 

B. Synfchfitis *n*rture Scan: 

10 An alternative scanning technique involves 

the use of synthetic aperture. Synthetic aperture, in 
the preferred embodiment of this invention, is 
characterized by: (1) partitioning the array of 
transducer elements into a plurality of independent or 

15 substantially independent subarrays for transmission 
and/or reception, each subarray consisting of multiple 
transducer elements; (2) executing a plurality of 
transmit /receive sequences, each sequence involving one 
transmit excitation and a distinct transmit/receive 

20 subarray pair, in which each sequence in the plurality 
of sequences effects beamformation on the same transmit 
scan line and the same receive scan lines; (3) for each 
sequence, acquiring the coherent samples associated 
with each distinct receive beam; and (4) combining, 

25 preferably by summation or weighted summation, all 
corresponding coherent samples associated with each 
spatially distinct receive scan line (Figs. 1B-1 and 
1B-2) . 

30 Thus, for example, if each sequence involves two 

transmit excitations, then the method involves summing 
or otherwise combining coherent data from two tempor- 
ally distinct receive beams for each receive scan line. 
The number of transmit and/or receive electronic 

3 5 channels is effectively increased, and the transducer 
aperture on transmission and/or reception is increased. 
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Synthetic aperture scanning is described, for 
example, in Klahr U.S. Patent 3,805,596, entitled: 
"High Resolution Ultrasonic Imaging Scanner, " and in 
Saugeon U.S. Patent 4,733,562, entitled: "Method And 
Apparatus For Ultrasonic Scanning Of An Object." 
Synthetic aperture scanning is also identified in Kino, 
"Acoustic Imaging for Nondestructive Evaluation, " and 
Sutton, "Underwater Acoustic Imaging, " both in 
Proceedings of the IEEE, Vol. 67, April 1979. 



Pig. 1B-1 and 1B-2 (with Pig. ib-i positioned 
above Pig. 1B-2 in order to form a diagram of the type 
depicted in Pig. 1A) illustrates the use of a synthetic 
aperture method in this invention. The first transmit 
15 excitation results in a transmit beam aligned with 
transmit scan line T 0 . Two receive beams are formed 
utilizing a first receive subarray to align with two 
receive scan lines R A o., and R A 01 (where the superscript 
A refers to acquisition after the first transmit 
excitation), which are positioned, in this embodiment, 
symmetrically about T 0 . The second transmit excitation 
is identical to the first, involving the same transmit 
aperture and it likewise results in a transmit beam 
aligned with transmit scan line T 0 . Two receive beams 
25 are formed utilizing a second and different receive 
subarray, to align with two receive scan lines R 8 ^, and 
R B o, which are colinear with receive scan lines R A o., and 
R A oi, respectively (where the superscript B refers to 
acquisition after the second transmit excitation) . 
30 Similarly, the third transmit excitation results in a 
transmit beam aligned with transmit scan line T 2 , and 
acquisition proceeds according to Figs. lB-l and 1B-2 
on receive scan lines R A „ and R A a utilizing the first 
receive subarray. Following that is a fourth transmit 
35 excitation and acquisition on receive scan lines R B 2 , and 
R 8 23 , again as for the second acquisition, using the 
second and different receive subarray for the fourth 
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acquisition. This sequence continues until the field 
of view is scanned, and then repeats as required. 

Coherent samples of the signals associated with 
5 receive scan line Ro., are calculated by summing 
corresponding samples of RV, and R'o... and similarly 
for receive scan line Ro, by combining corresponding 
samples of R A 0 , and R B 01 . The coherent samples associated 
with synthetic scan lines are then generated in the 
10 same way as described in connection with Fig. 1A and 
shown in Figs. 1B-1 and 1B-2, by this preferred 
embodiment averaging the data associated with receive 
scan lines Re, and Ro,, Ro, and R 21 , R 21 and R J3 , R M and R*, 
R43 and R*,, etc. until a complete set of synthesized 
15 coherent samples on synthetic scan lines has been 
combined . 

Synthesized coherent samples may be advantageously 
further processed by, for example, passing equal -range 
coherent samples through an azimuthal filter. In the 
preferred embodiment, a three-tap filter with weights 
of [0.25, 0.5, 0.25] is used, primarily for removal or 
minimization of line- to- line gain variations. This is 
also indicated schematically in Figs. 1A and IB- 2. 



20 
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Finally, it is noted, as taught above, that 
synthetic samples can be generated with and/or without 
using synthetic aperture techniques. 

30 C. sam ples Sy nt-hpsized In Azimuth: 

Another embodiment involves the synthesis of 
additional coherent samples through azimuthal 
interpolation and/or extrapolation (third type of 
synthetic sample) . This embodiment can be combined 

35 with the prior embodiment exploiting the first and 
second type of synthetic samples as desired. In the 
preferred embodiment (Fig. 1A) , the equal -range I and 
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Q samples associated with each of four adjacent 
synthetic scan lines are used to interpolate one new 
sample, also represented in I and Q form, for a new 
synthetic scan line which is in the middle of the four 
5 samples. One of two selectable finite impulse response 
(FIR) filters is used in the preferred embodiment, the 
tap weights for one being [0 .5 .5 0] and the other 
being [-.064 .564 .564 -.064]. This step provides the 
opportunity to double the azimuthal sample density of 

10 the image in order to minimize distortions and 
artifacts due to subsequent non- linear detection and 
scan conversion for video display. This third type of 
synthetic scan line is shown in Figs. 1A, 1B-1, 1B-2, 
2 and 3, As will be apparent to those skilled in the 

15 art of linear signal processing, there are many 
alternative interpolation filters (using different 
numbers of taps and/or different weights) and many 
other interpolation factors (to place new synthetic 
samples at other relative positions) that may be used 

20 to advantage. In addition, there are interpolation 
schemes other than linear interpolation that can be 
used in order to generate additional azimuthal samples. 
By way of example only, trigonometic interpolation by 
Fast Fourier Transform, spline interpolation, and other 

25 schemes can be used to increase the azimuthal sample 
density. 

Extrapolation techniques can similarly be used to 
generate signal samples at, for example, the ends of 
30 transducer scans, in order to increase the sample 
density. By way of example only, a filter arrangement 
can use four adjacent synthetic samples to generate by 
extrapolation a fifth synthetic sample positioned 
azimuthally beyond the span of the four samples. 



35 
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D. gfW^" Synthesized in Range; 

Another aspect of the preferred embodiment is 
the synthesis of additional image samples on synthetic 
scan lines through interpolation and/or extrapolation 

5 in range (fourth type of synthetic sample) . In the 
preferred embodiment (Pig. 1A) , each four adjacent 
samples in range on each synthetic scan line are used 
to interpolate one new coherent sample in the center of 
the four, also represented in I and Q form. The 

L0 available interpolation filter tap weights are 
identical to those of the azimuthal filter. This step 
doubles the sample density of the image again, this 
time in range. Range interpolation and/or 

extrapolation can be carried out using any of the 

15 techniques available for azimuthal interpolation and/or 
ext rapolat ion . 

All synthesis operations of the preferred 
embodiment being complete, each digital coherent sample 

20 associated with a synthetic scan line then is converted 
from its coherent representation to a conventional 
magnitude detected, log compressed signal, for video 
raster display or recording. The process of detecting 
the coherent image samples is the process of converting 

25 the samples to the (usually non- coherent) repre- 
sentation of choice for the display or recording 
device. In alternative embodiments, detection may 
consist of, or include, phase or frequency detection, 
or may include a compression curve other than 

30 logarithmic, or may include the processing of neigh- 
boring coherent samples. The method does not restrict 
the choice of detection processing. 



The subsequent process of displaying or recording 
the detected samples may typically include spatial 
filtering (which may be one- or two-dimensional) , 
temporal filtering (i.e., persistence), scan con- 
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version, and gray-scale mapping, after which the signal 
is sent to the video display device or the recording 
device. These signal processing elements are commonly 
used in display and recording subsystems of medical 
ultrasound imaging systems. The method of this 
invention likewise does not restrict the choice of 
processing steps for displaying or recording the 
detected signals. 



10 In summary, the described preferred embodiment in 

Figs. 1A and IB includes four types of synthetic 
samples generated on synthetic lines: the first in 
which the synthetic samples are formed on a synthetic 
scan line which is colinear with a transmit scan line, 

15 the second in which the synthetic samples are formed on 
a synthetic scan line which is between two transmit 
scan lines, the third in which the synthetic samples 
are formed on a synthetic scan line which is between 
other synthetic scan lines and not colinear with any 

20 transmit or receive scan lines {using azimuthal 
interpolation), and the fourth where additional 
synthetic samples are generated in range by 
interpolation on synthetic scan lines. 

25 E - Alternative Embodiments for Synthesizing 

Samples in Azlitmt-h and In Pan«. 

The third type of synthetic samples and 
synthetic scan line can also be generated by an 

30 alternative embodiment that relies on conventional 
(single transmit beam and single receive beam) scanning 
techniques. This is shown schematically in Fig. 2. 
The third type of synthetic line can be characterized 
as an azimuthally (laterally) interpolated synthetic 

35 line at a given range, as it is derived through 
interpolation of conventional (acquired) samples and/or 
samples generated on other synthetic scan lines (Fig. 
1A) . in other words, the third type and also the 
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fourth type of synthetic samples can be generated 
without first generating first type and/or second type 
synthetic samples. Further with the appropriate 
hardware, such as for example FIR filters, the first, 
5 second and third types of synthetic samples and/or the 
first, second, third and fourth types of synthetic 
samples can be generated in one operation. It will 
also be apparent that another alternative embodiment 
comprises the calculation of the first two types of 
10 synthetic lines, but not the third or fourth type, or 
alternatively the third or fourth types but not the 
first or second types. 

Further, in summary, all of the above types of 
15 synthetic samples, including (1) those that have been 
processed with an azimuthal filter, (2) those that have 
been subject to range -dependent and line -dependent 
phase correction of systematic phase variations, 
(3) those that have been interpolated in range, and 

20 (4) those that have been constructed using a synthetic 
aperture method, are derived from weighted (real and/or 
complex weights) summations and/or other interpolations 
and/or extrapolations and/or other combination 
techniques using acquired and/or synthetic coherent 

25 samples. 

For linear interpolation, weighting and summation 
may be decomposed several different ways, and into 
different numbers of distinct steps. For instance, the 

30 azimuthal filtering operation in Fig. 1A could occur 
after, before, or simultaneously with the azimuthal 
interpolation and/or range interpolation operation. 
Likewise, the phase correction, as performed by the 
below described phase aligner, of systematic phase 

35 variations could be incorporated in the pairwise 
combination of receive samples on receive scan lines 
along with the generation of, for example, first, 
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second or third types of synthetic samples. This 
implies complex weighting of the I and Q data (where 
the I and Q signals are treated as the real and 
imaginary components, respectively, of a complex 
5 signal) prior to summation. The specific decomposition 
of linear signal processing steps in the preferred 
embodiment of this invention was chosen for efficiency 
of implementation, and is not a limitation of the 
method. Further generalizations of the preferred 
10 embodiment may also involve weighting and summing 
coherent samples associated with three or more distinct 
receive beams in order to synthesize new coherent 
samples and such weighting and summing operations may 
be organized and ordered in equivalent ways. 



in. ggagUgoJ Trut-nr of rftf Prcfrml 

Under conditions that commonly apply in ultrasonic 
imaging, the process of complex image formation can be 
modeled as a process of convolution (i.e., filtering) 
of the object field with the point spread function of 
the imaging system. 



i(u) -o(u)»jv(u) (4) 



Here, i(u) is the image field, o(u) is the object 
field, P„(u) is the point spread function (which is 
dependent on both the transmit and receive apertures) , 
and * denotes the operation of convolution. A more 

30 complete model would include convolution in three 
dimensions; for simplicity, only the azimuthal (u) 
response is considered here. It is also well known 
that, in azimuth, the point spread function P tf (u) can be 
well approximated as the product of the transmit and 

35 receive point spread functions, denoted here P,(u) and 
P,(u) , respectively. Thus: 
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P„(u)=p,(u)*p r (u) (5) 



Consider the first type of synthetic scan line in 
the preferred embodiment. It is formed by generating 
a transmit beam on a transmit scan line, then receiving 
5 on two receive beams whose receive scan lines are 
symmetrically located about the transmit scan line, 
then averaging the signals associated with the two 
receive beams. We assume for simplicity that the two 
receive beams are identical except for an azimuthal 
10 translation. We may thus associate an effective point 
spread function with this process: 



Here, u r is the spacing of the receive scan lines. Now, 
15 consider the second type of synthetic scan line in the 
preferred embodiment. It is formed by receiving on the 
same receive beam twice, each time associated with a 
different transmit event, such that the two transmit 
scan lines are symmetrically located about the receive 
20 scan line. Again, we assume for simplicity that the 
two transmit beams are identical except for an 
azimuthal translation. We may likewise associate an 
effective point spread function with this process: 

P<r> (u) = p r (u)*2[p l (u-u,/2)*p / (u*u / /2)] (7) 



25 Here, u t represents the spacing between the transmit 
scan lines. Finally, consider the third type of 
synthetic line in the preferred embodiment. It is 
formed by averaging samples associated with two 
adjacent round trip scan lines to synthesize new 

3 0 samples associated with another scan line mid- way 
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between the original two. Again, we assume for 
simplicity that the two round trip beams are identical 
except for an azimuthal translation. An effective 
point spread function can be associated with this 
5 process : 

Ptr 3 <«> "-j tPtr( u - u tr/2> + Ptr (u+u tr /2) ] (8) 



Here, u tr represents the spacing between the round trip 
scan lines. 

10 It is also well known that the azimuthal point 

spread function is related to the aperture function 
through a Fourier transform, with proper scaling of the 
independent variables. Thus equation (5) implies: 

A cr {x) =A t (x)*A r (x) (9) 

15 Here, ^ (x) is the transmit aperture, A^x) is the 
receive aperture. A tr (x) is the so-called round trip 
aperture, and x represents the coordinate position 
along the aperture. 

20 Consider again the first type of synthetic line. 

Equation (6) implies: 

A tri (x) -A c (x) . 1 U r U) •-* ru «* /X »*A r <*> e jltU ^ /Xz ] (1 

=A t (x) «A r (x) COS (TTUjOC/Xz) 

Similarly, the second type of synthetic line can be 
associated with an effective aperture, implied by 
25 equation (7) : 

-A r (x) *A t (x)cos(7ru t x/Xz) 
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Finally, the third type of synthetic line can be 
associated with an effective round trip aperture, 
implied by equation (8) : 

=A tr (x) COS (TTU tr x/Xz) 



5 Here, X is the wavelength of the carrier frequency and 
z is the range of interest. 

There are two characteristics of importance in 
equations (10) -(12). First, the synthetic lines thus 

10 generated exhibit no steering errors; the aperture 
associated with the first type of synthetic line has a 
cosine apodization on the transmit aperture, the 
aperture associated with the second type of synthetic 
line has a cosine apodization on the receive aperture, 

15 and the aperture associated with the third type of 
synthetic line has a cosine apodization on the round 
trip aperture. Second, these cosine apodizations are 
strictly positive when: 

u r <Xz/2x 

u t <Xz/2x (13) 
u tr <Xz/2x 

20 

These inequalities apply, of course, to values of x for 
which the relevant aperture has a non-zero weight. The 

inequalities are also independent, which means that, 

for one thing, the transmit and receive apertures need 
25 not have the same extent. This implies other 

strategies for more general embodiments of this 

invention . 
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IV. Methods for More General Em bodiments : 

As is well known to those skilled in the art of 
ultrasonic imaging, the process of filtering described 
by equation (4) effectively band- limits the image 
5 field, due to the finite apertures associated with the 
point spread functions in equation (5) . It follows 
that there exist spacings of scan lines that permit 
perfect theoretical reconstruction of the image 
according to the well known Nyquist sampling criterion. 

10 For example, transmit beams produced from an active 
transmit aperture of finite width ^ focused at range z 
must be spaced at intervals finer than zX/^ as a 
necessary condition for adequate insonif ication (in a 
Nyquist sense) of the object field. Here, z is the 

15 range from the transducer array along the transmit scan 
line, and X is the wavelength of the carrier frequency. 
Likewise, receive beams from an active receive aperture 
of finite width X, focused at range z must be spaced at 
intervals finer than zX/X, as a necessary condition for 

20 adequate sampling of the object field. Finally, if one 
considers the so-called round trip aperture, given by 
the convolution of the transmit aperture and the 
receive aperture, one has a third sampling interval 
constraint on the spacing of scan lines. They must be 

25 spaced at sample intervals finer than zX/tVX,). All 
three of these constraints must be met in order to 
permit lossless insonif ication and sampling of an 
object field to preserve all azimuthal information that 
can be acquired at the range of interest with the 

30 apertures and frequency of choice. Equation (13) is an 
alternative statement of these constraints, in the 
context of the preferred embodiment of this invention. 



There is no required fixed linkage between the 
transmit and receive scan line spacing, which is useful 
if the transmit and receive apertures are independently 
managed. There is also no constraint on how the 
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transmit beams are combined with receive beams . In the 
preferred embodiment, it is advantageous to combine the 
transmit beams and receive beams in ways which 
(l) minimize the previously mentioned geometric 
5 distortion, particularly for low f-number imaging in 
medical ultrasound, (2) minimize the necessary 
computations and memory requirements, and (3) 
conveniently exploit the order of data acquisition. 
However, these choices should not be interpreted as 
10 limitations on the generality of the method. 

A. Methods of Sample Synthesis Using Non-Aligned 
Rgpeiva Scan Lines: . 

15 Although Fig..lA conceptually illustrates a 

scan scenario in which spacing of receive scan lines 
about the transmit scan lines T 0 and T 2 is such that the 
receive scan lines Roi and R„ are spatially aligned, 
this is not required. For example, a configuration 

20 such as shown in Fig. 3 is possible. In this example, 
Ro, and Rj, are not spatially aligned, but they can still 
be advantageously averaged to have a geometric 
distortion- free scan line midway, in this example, 
between the receive scan lines at L, , as shown. Such a 

25 configuration gives greater latitude in selecting the 
spacing of acquisition beams. This is an important 
degree of freedom considering that the receive and 
transmit apertures are not necessarily linked. 
However, the resulting spacing of these two synthetic 

30 line types is always half of the spacing between 
adjacent transmit scan lines, independent of the 
spacing between adjacent receive scan lines. The 
synthetic scan lines in Fig. 3 also may be acquired 
with synthetic aperture scanning. 

35 
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B. Methods of Sample Synthesis Using More than 
TWO Distinct Revi ve Beams- 

Another generalization of the preferred 
5 embodiment, which can be applied to either or both of 
the first and second types of synthetic lines, is the 
use of samples from more than two distinct receive 
beams to synthesize new samples on synthetic scan 
lines. In fact, use of the three- tap azimuthal filter 

10 as part of the preferred embodiment indirectly achieves 
this end because the three weights involve samples on 
three synthetic scan lines created using samples from 
six distinct receive beams. A more general approach is 
motivated by the recognition that synthetic scan lines 

15 can be interpolated with arbitrary accuracy by using 
more and more distinct receive beams that are spaced at 
Nyquist intervals, such as those given by equation 
(13). 

20 c ' "f th ? d of Sample Synthesis Using Multiple 

Simultaneous Transmit /BPrpjve BMmg. 

Still another generalization of the preferred 
embodiment is the use of more than one simultaneously 
25 excited transmit beam, and/or more than two 
simultaneously acquired receive beams. The synthetic 
line scanning of this invention is the weighted 
coherent summation, and/or other combinations as 
discussed above, of distinct receive beams, each 
associated with one or more transmit beams to form a 
multiplicity of distinct transmit- receive pairs. This 
may be generalized for the use of weighted coherent 
summation, based on equation (9), as follows: 



30 



Atrlx) 'Ea.U^xle^ (x)e'*Vj (14) 

/J-0 " 



35 in equation (14) , there are N distinct transmit -receive 
pairs involved in the generation of the synthetic scan 
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line that can be associated with the conceptual 
aperture A„(x) . There are likewise N weighting 
coefficients a 0 , but there can only be as many distinct 
coefficients as there are distinct receive beams in the 
5 summation. Equation (14) also generalizes the 
preferred embodiment by incorporating distinct transmit 
and receive apodizations associated with the lines that 
are summed. The transmit and receive phase slopes, 
and i 0 , account for phase shift due to the spacing of 

10 the transmit and receive scan lines. While sampling 
theorems such as Nyquist's dictate a necessary minimum 
sampling interval for lossless sampling of the object 
field, it is not necessary to achieve this sampling 
density in order to create synthetic lines. There may 

15 be conditions under which some degree of undersampling 
is tolerable, in particular when it results in faster 
scanning throughout the field of view. 



The first, second and third types of synthetic 
20 scan lines incorporated in the preferred embodiment are 
special cases of equation (14), including those 
synthetic scan lines involving phase correction, 
synthetic aperture scanning, and azimuthal filtering. 
Also equation (14) suggests a simple interpretation of 
25 the underlying principle involved with synthesizing 
scan lines: each synthesized coherent sample can be 
associated with an aperture that is a weighted 
superposition of the convolved transmit and receive 
apertures involved with acquiring its constituent 
3 0 samples. 



D. Methods of Sample Synthesis Using Neighbor- 
hood Interpolation, Hexagonal Sampling and 
other Techniques: 

The above -described methods rely on one- 
dimensional (azimuth or range, taken independently) 
processing and analytical techniques. There are 
extensions to these techniques which utilize two- or 
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three-dimensional processing and analytical techniques, 
which processing and analytical techniques are known to 
those skilled in the art. Such techniques are taught 
in, for example, "Multidimensional Signal Processing", 
Dudgeon and Mersereau, Prentice-Hall, 1984- They 
include hexagonal sampling, as described below, and two- 
and three-dimensional interpolation and extrapolation 
techniques by which, for example, the first, second, 
and third types of synthetic samples can be generated 
with acquired samples located at unequal ranges. Such 
techniques also permit new types of synthetic samples 
to be generated, in particular synthetic samples in 
elevation for three-dimensional imaging. 

15 One alternate embodiment of this method for two- 

and three-dimensional imaging involves increasing the 
sample density through the generation of samples that 
are located neither in range nor along an azimuthal 
direction, but at some angle to both of these 
directions. Thus, using the field of data, additional 
samples can be synthesized using any of the above 
interpolation and/or extrapolation techniques along 
directions other than the range or azimuthal direction 
as shown for the linear scan format in Fig. 9A. 
Example I in Pig. 9A, selects four synthetic samples 
that are aligned at an angle to both the range and 
azimuth directions. These four samples can be combined 
using interpolation techniques to generate a new 
synthetic sample. Example II is similar to Example I 
except four acquired samples are used to interpolate a 
synthetic sample between the four. Example III is 
similar to the above but uses a neighborhood of 
acquired and/or synthetic samples from which to 
generate an additional synthetic sample by, for 
35 example, interpolation. 



20 



30 
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The neighborhood is a space that has dimensions 
both in range and azimuth for a two-dimensional image 
and in range, azimuth and elevation (perpendicular to 
both range and azimuth) for a three-dimensional image. 

5 

In Example III, synthetic samples can be generated 
using (1) only acquired samples, (2) only other 
synthetic samples or (3) both acquired and other 
synthetic samples which are located in the 
10 neighborhood, and the neighborhood can be located in 
two or three dimensions. A three-dimensional 
neighborhood could be created using, for example, two 
parallel arrays as shown in Fig. 9A to capture samples 
in the planes of both Array 1 and Array 2. 

15 

Another embodiment of this method for increasing 
the sample density is through the use of hexagonal 
sampling. A two-dimensional hexagonal sampling method 
could be used, for example, with the embodiment of 

20 Fig. 2 as further depicted in Fig. 9B. Using hexagonal 
sampling, the target can be scanned about 14% faster, 
as the spacing between receive scan lines is about 14% 
greater. With interpolation and/ or extrapolation 
techniques, synthetic samples can be generated using 

25 the acquired samples collected by the hexagonal 
scanning technique (Example I, Fig. 9B) with resulting 
acquired and synthetic sample densities similar to the 
non-hexagonal techniques used in Fig. 9A but obtained 
at a faster rate. 



30 



35 



Yet another embodiment of this method involves 
scanning a three-dimensional image using a two- 
dimensional array. Just as the use of the first and 
second types of synthetic samples can halve the time 
necessary to scan the field of view for a two- 
dimensional image, so can the use of similar processing 
quarter the time necessary to scan the field of view 
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for a three-dimensional image. In this embodiment, the 
density of transmit scan lines is reduced by a factor 
of two in each of azimuth and elevation, on a 
rectangular grid, and each transmit excitation is 
5 followed by the reception of data on, for example, 
eight receive beams. These eight receive beams align 
with eight receive scan lines, also on a rectangular 
grid, oriented symmetrically about each transmit scan 
line. Coherent samples on synthetic scan lines are 

10 generated by combining samples from distinct receive 
beams, similar to the two-dimensional case. Transmit 
scan lines may also be oriented for hexagonal sampling 
(rather than on a rectangular grid) , which permits 
greater scan line spacing, resulting in even less time 

15 necessary to scan the field of view. Other extensions 
of the methods to three-dimensional scanning, including 
the incorporation of synthetic aperture scanning and 
the use of multiple transmit beams, will be understood 
by those skilled in the art. 

20 

E. Methods of Sample Synthesis Using Scan 
Conversion Techniques: 

The sequential processing of the preferred 
25 embodiment is depicted in Pig. 8A. That embodiment 
sequentially includes first acquiring coherent samples 
of the ultrasound signals on one or more receive beams 
along receive scan lines. Once this is accomplished, 
then synthetic samples on synthetic scan lines can be 
30 generated using the above techniques. This includes 
the generation of the first, second, third and fourth 
types of synthetic samples. These samples are all 
coherent. Following the generation of synthetic 
samples, the synthetic samples, and if desired the 
35 acquired samples, are detected by an incoherent 
process. Following detection, the samples are scan 
converted in order to put the data in appropriate 
format for a video display. Finally, the data is 
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represented in a visual image. Scan conversion is a 
known technique involved in changing the data from a 
first coordinate system which is, for example, that 
associated with the sector scan format (Fig. 6A) to a 
5 second coordinate system such as that associated with 
a raster video display. By way of example only, the 
following article and patents, disclose methods of 
accomplishing scan conversion: Steven C. Leavitt, Bary 
F. Hunt, Hugh G. Larsen, "Scan Conversion Algorithm for 
10 Displaying Ultrasound Images, - ffpwl ef,t - Packard Jwrqal , 
October 1983, Vol. 34, No. 10, pgs. 30-34, U.S. Patent 
Number 4,191,957 entitled: -Method of Processing Radar 
Data From a Rotating Scene Using a Polar Recording 
Format,- and issued on March 4, 1980, listing Jack L. 
15 Walker and Walter G. Carrara as inventors, and U.S. 
Patent Number 5,318,033 entitled -Method and Apparatus 
For increasing The Frame Rate And Resolution Of A 
Phased Array Imaging System," and issued on June 7, 
1994, listing Bernard J. Savord as inventor. 



20 



Fig. 8B depicts an alternative embodiment for 
creating synthetic samples. In Fig. 8B, after coherent 
samples are generated on synthetic scan lines, the 
synthetic samples, and if desired the acquired samples, 
25 are then scan converted in a coherent manner prior to 
detection. After scan conversion, the samples are 
detected in a incoherent operation through the 
detection step and then displayed. 

30 In yet another embodiment of the present invention 

as shown in Fig. 8C, the acquired samples are scan 
converted in a coherent manner. Thereafter, scan 
converted synthetic samples are generated in accordance 
with the various types of synthetic sampling 

35 techniques. The synthetic samples, and if desired, the 
original scan converted samples, are then detected 
incoherently and visually displayed. it is to be 
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understood that with respect to the embodiments of Fig. 
8B and 8C that the scan conversion and synthetic sample 
generation can occur in a simultaneous operation. 
Thus, for example, through the process of scan 
5 conversion, not only can samples be moved from one 
coordinate system to another, but additional samples 
can be generated during the conversion in order to 
increase the sample density. 
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20 
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V. Apparatus for Synthesizing Coherent Samples: 

Pig. 4A is an example of one of a number of 
ultrasound beamf ormer systems that can be used with the 
present invention. This system is described below and 
is also described in the above identified and copending 
patent applications which are assigned to the present 
assignee and incorporated herein by reference. Pig. 4A 
is a block diagram of the beamf orming elements of a 
phased array imaging system. An exaiqple of an 
alternative beamf ormer system is the above O'Donnell 
U.S. Patent 4,886,069, which uses baseband processing 
of the digital signals. By way of example only 
additional beamf ormers, which could be used with the 
invention, include the systems which are described in 
the following U.S. Patents: 



U.S. 

Patent No. 

4,809,184 



Title : 

METHOD AND 
APPARATUS FOR 
FULLY DIGITAL BEAM 
FORMATION IN A 
PHASED ARRAY 
COHERENT IMAGING 
SYSTEM 



Invffltorft): 

Matthew O'Donnell 
Mark Magrane 
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4,839,652 METHOD AND 

APPARATUS FOR HIGH 
SPEED DIGITAL 
PHASED ARRAY 
COHERENT IMAGING 
SYSTEM 



Matthew O'Donnell 
William E. Engeler 
Thomas L. Vogelsong 
Steven G. Karr 
Sharbel E. Noujaim 
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4,983,970 METHOD AND 

APPARATUS FOR 
DIGITAL PHASED 
ARRAY IMAGING 

5,005,419 METHOD AND 

APPARATUS FOR 
COHERENT IMAGING 
SYSTEM 



Matthew O'Donnell 
William E. Engeler 
John J. Bloomer 
John t. Pedicone 

Matthew O'Donnell 
Kenneth B. Welles, II 
Carl R. Crawford 
NorbertJ. Plec 
Steven G. Kan- 



Alt hough the preferred embodiment usee a digital 

L5 receive beamformer, wherein the electrical signal 

corresponding to the returning echo from each active 
element, such as XDCR J of transducer array (Fig. 
4A) , is digitized simultaneously on each of the N 
channels by analog- to- digital converter 13 associated 

20 with each channel, this invention could equally be 
incorporated in other architectures. The 
architecture to support the embodiments of Figure 1A, 
1B-1, and 1B-2 would, however, need to support the 
ability to simultaneously acquire two receive beams 

25 per transmit beam. The essential requirement is that 
there exist means to acquire and store a coherent 
representation of the signals associated with each 
distinct receive beam, such as those designated 2a 
and 2b in Fig. 4A, preferably in digital form. Other 

30 beamformers, which employ analog rather than digital 
beamforming means to acquire multiple beams, may be 
modified by the addition of digitizers to capture the 
coherent output signals and thus made suitable for 
the invention disclosed here. 

35 

The transducer array 1 of Fig. 4A consists of a 
multiplicity of elements XDCR 1 to XDCR N that might 
be 128 or more in number. 

40 The beamforming elements illustrated in Fig. 4A 

are shown for one channel. All other channels as 
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indicated on Pig. 4A, are similar. The demultiplexer 
3, multiplexer 4, summer 16 and central control 
blocks 18 and 19 are associated with all channels. 

Each channel of the digital transmit beamformer 
is made up of transmit filter 5, digital modulator 6 
and delay/filter 7. The transmit filter 5 is 
programmed to represent the complex envelope of the 
pulse to be transmitted. The digital modulator 6 up- 
converts the complex envelope to the transmit 
frequency and provides the appropriate phasing and 
apodization. The delay/ filter 7 provides the bulk 
of the delay for focusing and filtering for 
suppression of spurious responses. 

The transmitter for each channel is implemented 
with digital -to -analog converter (DAC) 8 and transmit 
amplifier 9. DAC 8 converts the digital samples of 
the transmit waveform to an analog signal. The 
transmit amplifier 9 sets the transmit power level 
and generates the high voltage pulses to drive the 
connected elements of the transducer array l for 
transmit beam formation. The pulse is. routed to 
connected transducer elements through transmit 
demultiplexer 3. To support synthetic aperture 
scanning, each transmit amplifier 9 may be connected 
to one or more elements in the array. 

The receiver for each channel is implemented by 
receive amplifier 12 which amplifies the signals from 
one element of the transducer array l and applies it 
to analog -to- digital converter (ADC) 13. The 
connection to the element of choice is effected by 
receive multiplexer 4, which can likewise select one 
or more elements for reception to support synthetic 
aperture scanning. ADC 13 converts each receive 
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signal to a digital representation and the output is 
routed to the digital receive beamformer. 

Each channel of the digital receive beamformer 

5 is implemented with filter/delay 14 and digital 

demodulator 15. Filter/delay 14 provides filtering 
for suppression of spurious responses and delay for 
focusing. The digital demodulator 15 provides 
phasing, apodization, and rotation to baseband. The 

10 capability of forming multiple receive beams is 

effected by filter/delay 14 and digital demodulator 
15. These processing elements can be time-division 
multiplexed on a sample -by -sample basis to calculate 
two output signals (corresponding to signals on each 

15 of two receive beams) from one input signal. The two 
output signals are thus time -interleaved on a sample - 
by- sample basis, where each sample is an I and Q 
pair. It is understood that such time -division 
multiplexing can accomplish signal processing with 

20 for example two, three, four, etc., transmit beams 
associated with four, six, eight, etc., receive 
beams. 

The rest of the signal processing to form 
25 receive beams is provided by digital summer 16 and 

receive filter 17. Summer 16 adds together similarly 
processed receive signals, similarly time- 
interleaved, from all the channels connected to other 
elements of the transducer array. Receive filter 17 
30 is organized to process time- interleaved 

representations of the signals associated with each 
acquisition beam, and it provides programmable 
receive response shaping for these signals. 

35 For the embodiment described, the output of 

receive filter 17 at 17a thus contains the coherent 
samples associated with spatially distinct receive 
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beams, resulting from a single transmit excitation. 
The time- interleaved representation of the signals 
associated with pairs of acquisition beams is as 
follows : 



Here, the index n refers to distinct receive beam, 
and the index k refers to distinct ranges at which 
samples were taken. 

The control functions for beam formation are 
schematically represented in the two central control 
blocks. In control block 18, an acquisition 
processor communicates with the rest of the system 
and provides high level control and downloading of 
frame parameters. A focusing processor computes the 
dynamic delay and apodization values required for 
transmit and receive beamformers and controls the 
digital receive beamformer to create two simultaneous 
receive beams. 

Control block 19 schematically illustrates the 
front end control function, it sets the gain and 
bias levels for transmit and receive amplifiers 9 and 
12. A frequency generator provides all of the 
necessary clocks including sampling clocks for ADCs 
13 and DACs 8, and clocks for other digital circuits. 
Control block 19 also configures the front end 
multiplexer 4 for synthetic aperture scanning. 




(15) 
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The line -dependent and range - dependent phase 
correction of the signal on line 17a is performed at 
phase aligner 20 shown in Pig. 4B-1. In one 
embodiment, the correction data is precalculated and 
5 stored in the correction data memory 21 of the phase 
aligner control 23. The correction data are read out 
of the correction data memory 21 in the same time- 
interleaved order as the data supplied by the digital 
receive beamformer, to apply corrections to data 
10 associated with distinct receive beams. The 

calculation performed by the complex multiplier 22 
results in a phase rotation of each complex sample, 
where each sample is represented as a complex number 
in which I is the real part and Q is the imaginary 
15 part. For a phase correction of 6, the real part 
of the output of the phase aligner 20 is 
!• cos 0-Q» sine and the imaginary part is 
Q*cos0+I*sin0 . 

20 A preferred embodiment of a phase aligner R-252 

and its control within baseband processor control C- 
270 as depicted in Pig. 10 follows. As discussed 
herein, phase aligner R-252 and its control provide 
for (1) scan-line-dependent and range- dependent phase 
25 adjustments of the signal required to correct for 
phase differences resulting from line-to-line 
apodization changes, scan geometry, and non-aligned 
effective transmit and receive origins, (2) 
remodulation (frequency alignment) of the signal to 
30 correct for phase differences resulting from 

different transmit frequencies per scan line, and (3) 
gain adjustment per scan line. The advantage of the 
use of a scan-line-to-scan-line adjustable frequency 
mode on transmit and receive beamf ormation is the 
35 reduction of grating lobes. 
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The complex multiplier R-254 of phase aligner R- 
252 is substantially identical to complex multiplier 
22 discussed above with respect to Fig. 4B-1. 

The phase aligner includes a control function 
which is contained in a baseband processor control C- 
270 (Pig. 10) . In this baseband processor control C- 
270, a scan- line- to- scan- line or beam- to -beam gain 
adjustment value and a phase adjustment value are 
generated in a time interleaved manner. As discussed 
above, the phase correction or adjustment value is 
the sum of the phase terms including: (1) a phase 
adjustment term required to correct for phase 
differences due to scan-line-to-scan-line apodization 
changes, and scan geometry which results in non- 
aligned effective transmit and receive origins (the 
scan -line -dependent and range -dependent phase 
adjustment term) and (2) a phase term required to 
remodulate the signal as though each line had used a . 
common carrier frequency. As discussed herein, using 
a frequency scaling factor or frequency vernier 
factor, each beam can have a different carrier 
frequency. The phase aligner accordingly provides 
for remodulation between beams so that all beams are 
adjusted for variation in carrier frequencies. 

In operation a source data set including scan 
format geometry parameters, sparse scan line gain and 
delay value, interpolation coefficient and non- 
integer decimation factors are downloaded from the 
central control C-104 to the baseband processor 
control C-270. Additionally, frequency parameters 
used in the frequency profile generator of the 
central control C-104 are downloaded to the baseband 
processor control C-270. 
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The baseband processor control C-270 of Fig. 10 
includes a gain and phase RAM C-280, a line 
interpolator C-282 which is supplied with pre- 
calculated and pre- stored line interpolation 
5 coefficients (a**) by the central control C-104, and 
a range interpolator C-284 with a range accumulator 
C-286, which is supplied with a rational decimation 
factor L/M and a phase zone width, both of which 
values are pre- calculated and pre-stored in the 
10 central control C-104, 

Alternatively the range 
interpolator/extrapolator C-284 can be supplied with 
programmable interpolation/extrapolation coefficients 
15 which are, by way of example, either (1) pre- 

calculated and pre-stored in or calculated by the 
central control or (2) calculated locally in baseband 
processor control C-270 by a coefficient generator. 

20 The baseband processor control C-270 also 

includes a remodulation frequency processor C-292 
which is preferably implemented as a double phase 
accumulator. The double phase accumulator calculates 
phase adjustment values to correct for line- to- line 

25 frequency differences and thus to remodulate the 

signal as though a common carrier frequency had been 
used across all scan lines. 

From the central control C-104, pre- calculated 
30 and pre-stored values representing the frequency 
differences between scan lines (delta frequency 
values) are sent to the remodulation frequency 
processor C-292. These frequency difference values 
are based on frequencies and frequency slopes. 
35 Accordingly, downloaded to baseband processor control 
C-270 from the central control for the two scan lines 
are the difference in frequencies between the scan 
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lines and the difference in the rate of change of the 
frequency profiles over time. These values are 
calculated by the acquisition processor C-130 based 
on stored parameters and dependent upon the 
particular rational conversion factor L/M currently 
being used. The first accumulator of processor C-292 
accumulates the difference in the rates of change of 
the frequency profiles over time between scan line 
while the second accumulator accumulates the 
difference in the frequencies between the scan lines 
over time. If there is no difference in the rate of 
change of the frequency profile over time, the first 
accumulator performs no function, with no difference 
in the rate changes of the frequencies between the 
scan lines, only the second accumulator accumulates 
the frequency differences over time resulting in a 
corrective remodulation phase value. 



20 



The phase adjustment due to scan-line-to-scan- 
line apodization changes, scan geometry which results 
in non-aligned transmit and receive origins, and the 
phase adjustment due to remodulating the signal to an 
effective common carrier frequency are added in a 
summer C-288 and the summed phase value is then 
25 converted in a look-up table C-290 to sine and cosine 
representations. As part of the look-up table C-290 
function, the gain is multiplied by the sine and 
cosine representations. This value is applied to 
complex multiplier R-252. 



30 



It is to be understood that other embodiments of 
the baseband processor control are possible within 
the scope of this invention. 



35 



As indicated above the phase aligner R-252 
ensures that coherent signal and sample relationships 
are maintained between scan lines. The transmit 
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samples and the echo or receive samples of the 
signals from beams are defined as being coherent when 
sufficient information is stored, preserved, or 
maintained to enable the samples of the return 

5 signals to be phase and amplitude corrected from 
scan-line-to-scan-line. The process of actually 
making the phase and amplitude corrections need not 
have yet taken place, as long as sufficient 
information with respect to a reference is 

10 maintained. 

When a signal sample is processed coherently, 
the processing continues to maintain sufficient 
information to perform phase and amplitude correction 
15 at a later time. When two or more samples are 

processed coherently (e.g.. coherently summed), the 
phase and amplitude corrections necessary for phase 
and amplitude alignment must have previously been 
performed. 

20 

The output of the phase aligner, such as phase 
aligner 20 or R-252, is presented to the 
aperture/line synthesizer 25, still in a time- 
interleaved format containing the coherent data 
25 associated with two spatially distinct receive beams. 
When the system is not operating in a synthetic 
aperture mode, or when data are associated with the 
first of a plurality of transmit excitations for a 
synthetic aperture mode, the data are passed 
30 unchanged through the synthetic aperture summer 26 
and stored in line memory 27. incoming data 
associated with a plurality of transmit excitations 
for a synthetic aperture mode after the first 
transmit excitation are summed, sample by sample, 
35 with the corresponding data from line memory 27. 

These corresponding data are in a time- interleaved 
format containing the coherent data associated with 
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the same two spatially distinct receive beams as the 
incoming data. The output of the synthetic aperture 
summer 26 is thus in a time- interleaved format 
containing the coherent data associated with the same 
two spatially distinct receive beams, accumulated 
over a plurality of transmit excitations. 



The output of the synthetic aperture summer 26 
is presented to the input of the dual -line 

10 synthesizer 28. When the system is not operating in 
a synthetic aperture mode, the dual line synthesizer 
28 is enabled to process all the data at its input 
connected to the SA I/Q OUT bus 29. Otherwise, the 
dual line synthesizer 28 is enabled to process these 

15 data only when the output of the synthetic aperture 
summer 26 is associated with the summation following 
the last transmit excitation of a synthetic aperture 
excitation sequence. 

20 The dual -line synthesizer 28 is controlled by 

controller 54 over lines 55 and performs two 
processing functions. First, it averages coherent 
samples of distinct receive beams in a pairwise 
fashion according to one or more of the preferred 

25 embodiments of the invention. Second, it filters the 
coherent samples in azimuth with a three- tap filter. 
These processing functions can be accomplished in any 
order and also in a combined and/or simultaneous 
manner, 

10 

The above two processing functions are 
performed, in a preferred embodiment, through the use 
of a four- tap filter equivalent to the convolution of 
the above two simpler filters. This four- tap filter 
35 is, for example, characterized by tap weights of [l, 
3, 3, 1]. The processing in the dual line 
synthesizer 28 is organized in such a way that the 
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coherent data at its output is in the same time- 
interleaved format as the output of the digital 
beamformer; however, the coherent data at the output 
33 of the dual line synthesizer 28 are associated 
with two spatially distinct synthetic scan lines 
(each spatially distinct from receive or transmit 
scan lines) whereas the output 17a of the digital 
beamformer is associated with two spatially distinct 
receive scan lines. 



The means to perform this function, in a 
particular embodiment, is shown in greater detail in 
Pig. 5. In this particular embodiment, in order to 
calculate the samples for two synthetic scan lines, 
15 the processing uses the corresponding samples from 
five receive scan lines. Two of these five are 
supplied from the synthetic aperture summer 26 at 29 
and the remaining three are supplied from the line 
memory 27 at 30. The memory thus operates at a 
20 higher rate than the summing circuitry, as it must be 
able to store two lines and access three lines (or 
five lines when doing synthetic aperture scanning) 
for every two lines that are input to or output from 
the aperture/line synthesizer 25. Because of this 
25 rate differential, three input stages of the dual 
line synthesizer 28 have holding registers 31 to 
store the I and Q samples that appear on the MEMORY 
I/Q IN bus at 30. The adders 32 and a times 2 
multiplier form an array to effect a four tap filter 
30 with tap weights of [1, 3, 3, 1]. The input data and 
control is organized to effect an output data 
sequence that can be represented as a sequence of 
inner products of this weight vector and a sequence 
of input data vectors represented as: 
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As before, the index n refers to distinct receive 
scan lines, and the index k refers to distinct ranges 
at which samples were taken. These data are shifted 
5 right by three bit positions to effect a final 

divide -by- eight at the output 33 of the dual line 
synthesizer 28. 

The output 33 of the aperture/line synthesizer 

0 25 consists of synthetic lines of type one and two. 

A further step which can be a precedent, simultaneous 
or subsequent step in the method is the synthesis of 
additional coherent image samples (as these steps are 
predetection) through azimuthal interpolation (Fig. 

5 4B-2) using by way of example only, any of the 

techniques previously described. In the preferred 
embodiment, the I and Q samples associated with each 
of four adjacent synthetic scan lines are used to 
interpolate one new synthetic scan line in the center 

0 of the four, also represented in I and Q form. One 
of two selectable filters is used in the preferred 
embodiment, the tap weights for one being [0 .5 .5 0] 
and the other being [-.064 .564 .564 -.064). This 
step doubles the azimuthal sample density of the 

5 coherent image in order to minimize distortions and 
artifacts due to subsequent non- linear detection for 
video image display. 
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Synthetic samples of the first and second types 
to be presented to the azimuth/range interpolator 
40 are stored in synthetic line memory 41. The data 
are retrieved from synthetic line memory 41 and 
5 stored in azimuthal holding registers 42, the 

function of which is to re -order the data and to 
present it to the azimuth interpolation filter 43 in 
the following sequence: 





-T„-2 






[<?„-3 


Qn-2 


Qn-l 














Qn-2 


Qn-l 






I„- 2 








Qn-2 


Qn-l 












[0„-3 


Qn-2 


Qn-i 


**3 



(17) 



10 Here, the index n refers to distinct synthetic scan 
lines, and the index k refers to distinct ranges at 
which samples were taken. The azimuth interpolation 
filter of block 43 is a four tap filter, and its 
output contains samples of synthetic lines of the 

15 first and second types (when samples are passed 

through unchanged) and/or of the third type (when 
interpolation filtering is applied) . The output of 
the azimuth interpolation filter of block 43 contains 
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data for two synthetic scan lines at a time, 
organized as follows: 

J a-1.5,* 
Pn-1.5.* 

0»-2.*.x C18) 
•*i»-l.S.**l 



Here, a fractional index n has been introduced to 
enumerate synthetic scan lines of the third type. As 
before, the index k refers to distinct ranges at 
which samples were taken. 

Another further step in the preferred embodiment 
is the synthesis of additional coherent image samples 
on synthetic scan lines and/or transmit or receive 
scan lines through interpolation in range, in the 
preferred embodiment, each four adjacent samples on 
each synthetic scan line are used to interpolate one 
new coherent sample in the center of the four, also 
represented in I and Q form; the available interpola- 
tion filter tap weights are identical to those above. 
This step doubles the sample density of the coherent 
image again, this time in range. 

The final step of range interpolation, prior to 
detection, is performed by range holding registers 44 
and range interpolation filter of block 45. Range 
holding registers 44 re- order the incoming data and 
present it to the range interpolation filter block 45 
as follows: 
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10 



Range interpolation filter of block 45 is a four- tap 
filter identical in structure in a preferred 
embodiment to azimuth interpolation filter of block 
43. The sequence of data samples at its output is 
similar to that at the output of the azimuth 
interpolation filter, except that it is more densely 
sampled in range, as follows: 



Following the above interpolation operation, the 
coherent I and Q baseband signals for all synthetic 
scan lines are then magnitude detected and log 
compressed at 50 prior to scan conversion at 51 and 
display at 52 and/or recording at 53, all of which is 
well-known to the prior art. 




(20) 
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In the preferred embodiment, the aperture/line 
synthesizer can be bypassed for scan formats using 
only type three and/or four synthetic samples. 

5 Alternatively as depicted in Fig. 4C 

neighborhood interpolation/extrapolation techniques 
can be used on two- and three-dimensional data fields 
in order to output denser two-dimensional and three- 
dimensional data fields. The input data for this 

10 operation is collected and stored in neighborhood 
holding register 56 and the neighborhood 
interpolation and/or extrapolation operations are 
carried out preferably using the filter of block 57. 
These neighborhood techniques are used to process 

15 coherent samples with varying ranges. 

Such neighborhood techniques can be used by 
themselves as shown in Fig. 4C or alternatively can 
be used in combination with any of the preceding 
20 techniques for generating the first, second, third 
and/or fourth types of synthetic samples. 

Further, in other embodiments, extrapolation 
techniques can be used alone or in combination with 
25 the interpolation techniques described above. 

In still other embodiments, detection can be 
performed on acquired samples in addition to 
synthesized coherent samples. 

30 




35 



The method and apparatus disclosed are generally 
compatible with most B-mode ultrasound imaging 
formats. Although dynamic focusing and dynamic 
apodization are not strictly required for use of this 
invention, they greatly enhance the value of the 
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invention. The methods and apparatus disclosed, 
while shown for one dimensional transducer arrays, 
which are Nxl, can be extended advantageously to two- 
dimensional arrays which are NxN or NxM elements. 

5 

Accordingly, the present invention can enhance 
the video image by increasing the frame rate by 
increasing the field of data samples through the 
creation of synthetic samples and by correction for 
10 geometric distortion. The sample field density is 
increased through linear and/ or non- linear 
interpolation and/or extrapolation techniques. 

All of the above embodiments have the advantage 
15 of increasing the density of samples in the field 

without increasing the number of transmit excitations 
for both two- and three-dimensional imaging. 



Other aspects and objects of the invention can 
20 be obtained from a review of the claims and figures. 

It is to be understood that other embodiments of 
the invention can be fabricated and come within the 
spirit and scope of the claims. 



25 
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WHAT IS CLAIMED Ig; 

1. An apparatus for imaging an object using 
coherent samples acquired on receive scan lines, 
which samples are representative of a signal from the 
5 object, comprising: 

(a) a phase aligner that adjusts the phase 
of the acquired coherent samples to effect beam-to- 
beam coherency; and 

(b) a synthesizer that uses the phase - 
0 aligned samples to synthesize new samples . 



2. The apparatus of claim 1 wherein said apparatus 
uses a plurality of transmit excitation events to 
create transmit beams, senses a signal from said 
object on each of one or more receive beams after 
each excitation event, and acquires coherent samples 
of said signals, wherein each of said transmit beams 
is substantially aligned with a respective transmit 
scan line and each of said receive beams is 
substantially aligned with a respective receive scan 
line. 



3. The apparatus of claim 2 wherein said 
synthesizer combines said phase -aligned acquired 

25 coherent samples to synthesize new coherent samples 
on synthetic scan lines which are spatially distinct 
from at least one of: 

(1) said receive scan lines; and 

(2) said transmit scan lines. 

30 

4. The apparatus of claim 3 further comprising a 
detector that detects the synthesized coherent 
samples. 



5. The apparatus of claim 3 wherein said 
synthesizer combines said phase-aligned coherent 
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samples by weighting and summing said phase -aligned 
coherent samples. 

6. The apparatus of claim 4 wherein the detector 
5 detects both synthesized coherent samples and 
acquired coherent samples. 

7. The apparatus of claim 2 wherein each 
transmit excitation event results in one transmit 

10 beam, wherein said transmit beam is substantially 

aligned with a transmit scan line, for each of said 
plurality of transmit excitation events. 

8. The apparatus of claim 2 wherein the 
15 sequence of transmit excitation, transmit 

beamformation, and receive beamf ormation effects a 
synthetic aperture scan throughout at least a portion 
of the field of view. 

20 9. The apparatus of claim 5 wherein said 

synthesizer selects at least one weighting factor of 
unity, and uses said weighting factor in weighting 
and summing. 

25 io. The apparatus of claim 3 wherein each 

receive scan line is colinear with a respective 
transmit scan line and the synthesizer combines said 
phase-aligned acquired coherent samples to synthesize 
new coherent samples on synthetic scan lines which 

30 are spatially distinct from said receive scan lines. 

11. The apparatus of claim 10 wherein the 
synthesizer combines said phase-aligned coherent 
samples by weighting and summing said phase-aligned 
35 coherent samples. 



- 61 - 



12. The apparatus of claim 10 further 
comprising a detector that detects both synthesized 
coherent samples and acquired coherent samples. 

13. The apparatus of claim 10 wherein each 
transmit excitation event results in one transmit 
beam, wherein said transmit beam is substantially 
aligned with a transmit scan line, for each of said 
plurality of transmit excitation events. 

14. The apparatus of claim 10 wherein the 
sequence of transmit excitation, transmit 
beamformation, and receive beamformation effects a 
synthetic aperture scan throughout at least a portion 
of the field of view. 

15. The apparatus of claim 10 wherein the 
synthesizer performs weighted summations on said 
phase -aligned samples. 

16. The apparatus of claim 15 wherein said 
synthesizer selects at least one weighting factor of 
unity, and uses said weighting factor in the step of 
weighting and summing. 

17. An apparatus for creating an ultrasonic 
image of an object using transmit beams generated 
from a plurality of transmit excitation events, 
comprising: 

(a) a receiver for acquiring coherent 
samples on at least two spatially distinct 
receive scan lines associated with the same 
transmit excitation event, which samples are 
representative of a signal from an object; 

(b) a synthesizer that uses the samples 
acquired on the receive scan lines associated 
with the same transmit event to synthesize at 
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least two coherent samples on a first synthetic 
scan line; and 

(c) a detector that detects said 

synthesized samples. 

18. The apparatus of claim 17 wherein said 
first synthetic scan line is substantially colinear 
with a transmit scan line. 



10 19. The apparatus of claim 17 or 18 wherein: 

said receiver acquires coherent samples 
from successive transmit events, wherein each of said 
receive scan lines associated with said successive 
transmit events is spatially distinct; and 

15 said synthesizer uses said coherent samples 

from successive transmit events to synthesize at 
least two coherent samples on a second synthetic scan 
line. 

20 20. The apparatus of claim 17 or 18 wherein: 

said receiver acquires coherent samples 
from successive transmit events, wherein at least one 
of said receive scan lines associated with said 
successive transmit events is substantially colinear 

25 with at least one of said receive scan lines from a 
subsequent transmit excitation event; and 

said synthesizer uses said coherent samples 
from successive transmit events to synthesize at 
least two coherent samples on a synthetic scan line. 

30 

21. The apparatus of claim 19 or 20 wherein 
said synthesizer uses said synthesized coherent 
samples to synthesize at least one further synthetic 
sample on a third synthetic line. 



35 
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22. The apparatus of claim 21 wherein said 
further synthetic scan line is not colinear with any 
of said transmit or receive scan lines. 

23. The apparatus of claim 17 wherein said 
synthetic scan line is not colinear with any of said 
transmit or receive scan lines. 

24. An apparatus for creating an ultrasonic 
image of an object, using a plurality of transmit 
excitation events to create transmit beams, sensing a 
signal from said object on each of one or more 
receive beams after each excitation event, and 
acquiring coherent samples, wherein each of said 
transmit beams is substantially aligned with a 
respective transmit scan line and each of said 
receive beams is substantially aligned with a 
respective receive scan line comprising: 

a synthesizer for synthesizing synthetic 
samples, said synthesizer: 

(a) using said acquired coherent samples 
to synthesize a plurality of coherent samples on 
synthetic scan lines; and 

(b) using at least one of said synthesized 
coherent samples to synthesize at least one 
further coherent sample. 

25. The apparatus of claim 24 wherein said 
further coherent sample is on a further synthetic 
scan line. 



26. The apparatus of claim 24 or 25 wherein 
said acquired coherent samples are on at least two 
spatially distinct receive scan lines associated with 
at a single transmit excitation event. 
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27. The apparatus of claim 24 or 25 wherein 
said acquired coherent samples are associated with at 
least two distinct transmit excitation events. 

28. The apparatus of claim 24 or 25 comprising 
means for synthesizing first and second sets of 
coherent samples, respectively, from: 

(1) spatially distinct receive scan lines 
associated with a single transmit 
event; and 

(2) receive scan lines associated with 
distinct transmit events. 

29. The apparatus of claim 28 wherein said 
first set of acquired coherent samples is used to 
synthesize coherent samples on synthetic scan lines 
collinear with transmit scan lines and said second 
set of acquired coherent samples is used to 
synthesize coherent samples on synthetic scan lines 
colinear with receive scan lines. 

30. The apparatus of claim 24 or 29 wherein 
said further synthetic line is not colinear with any 
of said transmit or receive scan lines. 

31. An apparatus for creating an ultrasonic 
image of an object using transmit beams generated 
from a plurality of transmit excitation events 
comprising: 

(a) a receiver for acquiring coherent 
samples on at least two spatially distinct 
receive scan lines associated with the same 
transmit excitation event, which samples are 
representative of a signal from an object; and 

(b) a synthesizer that uses said acquired 
coherent samples to synthesize a plurality of 
coherent samples on synthetic scan lines, where 
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the number of synthetic scan lines is greater 
than the number of receive scan lines over at 
least a portion of the field of view; and 
(c) a detector that detects said 
5 synthesized samples. 



32. An apparatus for creating an ultrasonic 
image of an object using a plurality of transmit 
excitation events to create transmit beams, and 
10 sensing a signal on each of at least two receive 

beams from said object after each excitation event, 
wherein each of said transmit beams is substantially 
aligned with a respective transmit scan line and each 
of said receive beams is substantially aligned with a 
15 respective receive scan line, said apparatus 
comprising: 

(a) a time - interleaved receive beamformer 
for acquiring coherent samples of said signals 
on said receive scan lines; 
20 (b) a synthesizer for combining said 

acquired coherent samples to synthesize new 
coherent samples on synthetic scan lines which 
are spatially distinct from at least one of: 
(1) said receive scan lines; and 
25 (2) said transmit scan lines; 

and 

(c) a detector that detects the 
synthesized coherent samples. 

30 33. The apparatus of claim 32 wherein said 

time- interleaved receive beamformer comprises a 
beamformer having a plurality of independently 
programmable channels. 



34. An apparatus for imaging of an object 
comprising: 
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a receiver for acquiring at least two 
coherent samples along a single receive scan line, 
which samples are representative of a signal from an 
object; and 

5 a synthesizer that uses the samples 

acquired on the single receive scan line to 
synthesize at least one coherent sample on a single 
synthetic scan line at a different range from the 
acquired samples; and 
!0 a detector followed by a scan converter. 
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